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Network dynamics determine the
autocrine and paracrine signaling
functions of TNF
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and Alexander Hoffmann1,2,3
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Biosciences, 3Department of Microbiology, Immunology, and Molecular Genetics, University of California at Los Angeles,
Los Angeles, California 90025, USA

A hallmark of the inflammatory response to pathogen exposure is the production of tumor necrosis factor (TNF) that
coordinates innate and adaptive immune responses by functioning in an autocrine or paracrine manner. Numerous
molecular mechanisms contributing to TNF production have been identified, but how they function together in
macrophages remains unclear. Here, we pursued an iterative systems biology approach to develop a quantitative
understanding of the regulatory modules that control TNF mRNA synthesis and processing, mRNA half-life and
translation, and protein processing and secretion. By linking the resulting model of TNF production to models of the
TLR-, the TNFR-, and the NFkB signaling modules, we were able to study TNF’s functions during the inflammatory
response to diverse TLR agonists. Contrary to expectation, we predicted and then experimentally confirmed that in
response to lipopolysaccaride, TNF does not have an autocrine function in amplifying the NFkB response, although it
plays a potent paracrine role in neighboring cells. However, in response to CpG DNA, autocrine TNF extends the
duration of NFkB activity and shapes CpG-induced gene expression programs. Our systems biology approach revealed
that network dynamics of MyD88 and TRIF signaling and of cytokine production and response govern the stimulus-
specific autocrine and paracrine functions of TNF.
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Tumor necrosis factor (TNF) is a key inflammatory cyto-
kine produced bymacrophages exposed to pathogens. Toll-
like receptors (TLR) recognize a variety of molecular
substances derived from pathogens such as bacteria, vi-
ruses, and fungi, eliciting signaling events that coordinate
inflammatory and innate immune responses (Takeuchi
and Akira 2010). TLRs are expressed in many cell types,
but perhaps one of the most relevant types for the innate
immune response is the classically activated macrophage.
A hallmark of activated macrophages is the production of
proinflammatory cytokines, including TNF (Mosser and
Edwards 2008; Parameswaran and Patial 2010). Proper
control of the TLR-responsive signaling pathways is of
particular importance, as aberrant signaling and/or TNF
production can contribute to disease states such as Crohn’s
disease, rheumatoid arthritis, and cancer (MacDonald

et al. 1990; Murch et al. 1993; McInnes and Schett 2007;
Waters et al. 2013).
In macrophages, TLRs use two adaptors that mediate

the signaling events leading to proinflammatory cytokine
production: the plasma membrane-proximal MyD88 and
the endosomal membrane-proximal TRIF (Kawai et al.
1999; H€acker et al. 2000; Hoebe et al. 2003; Sato et al.
2003; Yamamoto et al. 2003). Whereas TLR9, the receptor
for unmethylated CpG DNA, engages MyD88, TLR3, the
receptor for dsRNA engages TRIF, and TLR4, the receptor
for lipopolysaccharide (LPS) engages both (Takeuchi and
Akira 2010). These adaptorsmediate the activation of tran-
scription factors such as NFkB and IRF3, both of which
have been implicated in the control of TNF production
(Drouet et al. 1991; Wesche et al. 1997; Yamamoto et al.
2003; Covert et al. 2005; Lee et al. 2009).

� 2014 Caldwell et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-
issue publication date (see http://genesdev.cshlp.org/site/misc/terms.
xhtml). After six months, it is available under a Creative Commons
License (Attribution-NonCommercial 4.0 International), as described at
http://creativecommons.org/licenses/by-nc/4.0/.

4Present address: Department of Bioengineering, University of California
at San Diego, La Jolla, CA 92093, USA.
Corresponding author: ahoffmann@ucla.edu
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.244749.114.

2120 GENES & DEVELOPMENT 28:2120–2133 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/14; www.genesdev.org

 Cold Spring Harbor Laboratory Press on October 10, 2014 - Published by genesdev.cshlp.orgDownloaded from 

mailto:ahoffmann@ucla.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.244749.114
http://genesdev.cshlp.org/
http://www.cshlpress.com


Gene transcription is not the only means of control-
ling TNF production; control of TNF mRNA half-life
and protein translation and secretion has been reported
(Han et al. 1991a,b; Black et al. 1997; Andersson and
Sundler 2006). In unstimulated macrophages, TNF
mRNA has a relatively short half-life, but upon LPS
stimulation, TNF mRNA half-life increases as much as
sixfold through the down-regulation of mRNA degrada-
tion pathways (Carballo et al. 1998; Kontoyiannis et al.
1999; Kotlyarov et al. 1999; Lai et al. 1999; MacKenzie
et al. 2002; Stoecklin et al. 2004; Hitti et al. 2006;
Ronkina et al. 2007; Hao and Baltimore 2009). At the
level of protein translation, TNF production is modu-
lated in response to LPS through the activation of the
translation initiation factor eIF4E. The resulting mem-
brane-bound pro-TNFmust then be cleaved and secreted
by the catalase TACE, the activity of which is up-
regulated following LPS stimulation (Black et al. 1997;
Soond et al. 2005; Xu and Derynck 2010). A number of
studies have sought to characterize the signaling control
of one or a subset of these mechanisms (Datta et al. 2004;
Hitti et al. 2006; Ronkina et al. 2007; Gais et al. 2010;
Wang et al. 2011), but a coherent picture remains elusive
in part because such control appears to be cell type-
specific. Here we sought to develop a quantitative un-
derstanding of each of the TRIF and MyD88-mediated
mechanisms of TNF production control in primary
macrophages and then evaluate their relative contribu-
tions within the network.
Cytokines, such as TNF, have both autocrine and para-

crine functions. Autocrine functions amplify or shape the
signaling or gene expression response of cells responding to
pathogen exposure and are typically studied in monocell
culture. TNF has been implicated as an autocrine regulator
of TLR-induced inflammatory signaling (Wu et al. 1993;
Blasi et al. 1994; Xaus et al. 2000; Coward et al. 2002; Kuno
et al. 2005; Lombardo et al. 2007). Paracrine signaling
functions are key to the amplification and control of an
inflammatory response within a tissue or organ and the
activation of a coordinated immune response that involves
diverse cell types. It remains remarkably unclear what the
determinants are for autocrine or paracrine cytokine func-
tions and whether one or the other may be more likely
triggered by different classes of pathogen signals.
The systems biology approach of combining experimen-

tal studies with computational models to achieve quanti-
tative and qualitative insights has been particularly fruitful
in the study of signal transduction (Ozaki et al. 2005; Basak
et al. 2012; Purvis and Lahav 2013), including signaling in
response to TNF stimulation (Werner et al. 2008). In order
to develop a predictive understanding of TNF production,
we considered each regulatory mechanism as a regulatory
module (with a defined and experimentally measurable
input and output) (Hartwell et al. 1999) and constructed
and parameterized simple mathematical models to repre-
sent these modules. By further linking the resulting TNF
production model with models of the TLR, TNFR, and
NFkB signalingmodules (Werner et al. 2005, 2008; ZCheng,
B Taylor, D Rios, and A Hoffmann, in prep.), we reveal that
TNF’s autocrine and paracrine functions are stimulus- or

TLR-specific, determined by the underlying signaling net-
work dynamics of TNF production and NFkB response.

Results

Multitier control of TNF production depends on TRIF
and MyD88

To investigate the TRIF- and MyD88-specific control
mechanisms of TNF production in TLR signaling, we used
the TLR agonist LPS, as it engages both TRIF and MyD88
(Poltorak et al. 1998; Kawai et al. 1999; Alexopoulou et al.
2001; Yamamoto et al. 2003). Both adaptors have been
shown to activatemultiple kinase signaling pathways (Fig.
1A), including IKK and TBK1, which lead to the activation
of the transcription factors NFkB and IRF3, respectively, as
well as the MAP kinases p38 and ERK. In the context of
TNF production, p38 and ERK have been implicated in
activating MK2, the kinase that phosphorylates and in-
activates TTP, the ARE-binding destabilizer of mRNAs
(Carballo et al. 1998; Lai et al. 1999; Stoecklin et al. 2004;
Hitti et al. 2006; Ronkina et al. 2007; Deleault et al. 2008).
Furthermore, p38 and ERK have been shown to control
TNF translation through the initiation factor eIF4E and
TNF secretion through the enzyme TACE (Black et al.
1997; Soond et al. 2005; Andersson and Sundler 2006; Xu
and Derynck 2010). However, prior studies of one or
a subset of these mechanisms used different cell types
and experimental systems. Here we used primary murine
macrophages to develop a quantitative understanding of
each mechanism and assess its contribution to TNF pro-
duction in that cell type.
To investigate the processes of TNF production con-

trolled by TRIF and MyD88, wild-type, trif�/�, and
myd88�/� bone marrow-derived macrophages (BMDMs)
were stimulated with LPS, and TNF secretion in the
supernatant was measured by ELISA. While both trif�/�

and myd88�/� have significant defects (P-values ranging
from 7.13 10�4 to 3.53 10�8 for 1-h to 4-h time points) in
TNF secretion (Fig. 1C), trif�/� showed a more severe
defect at later time points than myd88�/� (Supplemental
Fig. 1A). However, whenmeasuring TNF production at the
level of mature mRNA by RT–PCR, myd88�/� showed
a severe defect at early time points (P-values < 0.003),
whereas trif�/� BMDMs showed a smaller defect (Fig. 1D).
These discrepancies were not entirely due to gene tran-
scription: Measuring nascent, intron-containing tran-
scripts, we found substantially reduced levels for the first
25min inmyd88�/� (P-values < 0.05) but slightly increased
levels in trif�/� BMDMs (Fig. 1E). These data are consistent
with TRIF-dependent control of post-transcriptional events
and both MyD88- and TRIF-dependent control of trans-
lational and post-translational events.

Transcriptional control of TNF expression is regulated
by the MyD88–NFkB axis but not IRF3/7

Whereas MyD88 primarily mediates the activation of
NFkB, TRIF is also a potent mediator of interferon regula-
tory factors IRF3 and IRF7, whichwere suggested to control
TNF mRNA synthesis in response to LPS (Covert et al.
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Figure 1. TNF production is regulated by both MyD88 and TRIF pathways, but only NFkB, not IRF3/7, is required for its transcriptional
induction. (A) Diagram illustrating molecular mechanisms potentially regulating the production of TNF; solid lines indicate mechanisms
known to play a role in macrophages, and dashed lines indicate mechanism that have been reported in the literature in different cell
systems. (B) Schematic of the three regulatory modules that control TNF expression, highlighting the experimentally quantifiable input
and output of each module. (C) Secretion of TNF as measured by ELISA of cell media from wild-type, trif �/�, or myd88�/� bone marrow-
derived macrophages (BMDMs). Cells were stimulated with 10 ng/mL LPS; n = 3. (D) Levels of TNF mRNA (log2 fold) produced by wild-
type, trif�/�, ormyd88�/� BMDMs stimulated with 10 ng/mL LPS, measured by RT-qPCR. Wild type, n = 5. trif�/�, n = 3.myd88�/�, n = 3.
(E) Levels of nascent TNF RNA (log2 fold) produced by wild-type, trif�/�, or myd88�/� BMDMs stimulated with 10 ng/mL LPS, measured
by RT–PCR. Wild type, n = 3. Nascent transcripts measured by RT-qPCR with intron–exon junction-spanning primers. (F) TNF mRNA
levels (fold) measured by RT-qPCR in wild-type or rela�/�relb�/�crel�/� fetal liver-derived macrophages (FLDMs) stimulated with 100 ng/
mL LPS. (G) Levels of TNF mRNA (log2 fold) produced by wild-type or irf3�/�irf7�/� BMDMs stimulated with 10 ng/mL LPS, measured by
RT–PCR (wild type, n = 5; irf3�/�irf7-/-, n = 3). (H) Levels of nascent TNF RNA (log2 fold) produced by wild-type or irf3�/�irf7�/� BMDMs
stimulated with 10 ng/mL LPS, measured by RT-qPCR (n = 3). (I) Quantified activation of NFkB measured by EMSA (kB-site-containing
HIV probe) in wild-type, trif�/�, ormyd88�/� BMDMs stimulated with 10 ng/mL LPS. Quantification of NFkB EMSA bands normalized to
peak activity (n = 3). (J) Schematic of regulatory module 1 that determines nascent TNF mRNA; input is quantified NFkB activation data
(shown in H), and output is nascent TNF mRNA. (K) Levels of nascent mRNA simulated by the mathematical model in I (solid lines) and
determined experimentally in E (data points) for wild-type, trif�/�, or myd88�/� genotypes. For all graphs, error bars indicate one standard
deviation. The combined root mean square difference (RMSD) between all model simulations and experimental data points shown are
indicated.
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2005). To investigate the genetic requirements for TNF
mRNA production, we produced fetal liver-derived macro-
phages (FLDMs) from wild-type and rela�/�relb�/�crel�/�

mouse embryos (which lack all activation domain-contain-
ingNFkB familymembers) andwild-type and irf3�/�irf7�/�

BMDMs and stimulated them with LPS. Remarkably, no
TNF mRNAwas detected in rela�/�relb�/�crel�/� FLDMs
(Fig. 1F), but irf3�/�irf7�/� BMDMs showed no defects in
either mature or nascent TNF mRNA levels (Fig. 1G,H).
These data support a model in which TNF mRNA synthe-
sis in macrophages is controlled by NFkB but not IRF3/7.
As NFkB was confirmed to be the transcription factor

responsible for TNF transcription, we sought to quantitate
the roles ofMyD88 andTRIF in activatingNFkB in response
to LPS. Electrophoreticmobility shift assay (EMSA) revealed
that NFkB activation is decreased in both trif�/� and
myd88�/� yet at different times (Fig. 1I). The trif�/� BMDMs
have normal early activation (0–30 min) but defects at late
times; conversely, myd88�/� BMDMs have decreased early
activation (P-value < 0.025 at 15 min; P-value < 0.005 at 30
min), but late activation (45 min to 4 h) is indistinguishable
from wild-type. These results informed the formulation of
a mathematical model of the TNF mRNA production
module (Fig. 1J) in whichMyD88- and TRIF-inducedNFkB
up-regulates nascent TNFmRNA synthesis, which is then
processed into mature mRNA (Osman et al. 1999). Fol-
lowing parameterization (Supplemental Material), model
simulations recapitulated the experimentally determined
nascent TNF mRNA levels in wild-type, trif�/�, and
myd88�/� BMDMs with root mean square deviation
(RMSD) = 0.16 (Fig. 1K).

Post-transcriptional control of TNF expression
is mediated by TRIF

As summarized above, previous reports have shown that
TNF mRNA half-life and translation and proprotein pro-
cessing and secretion can be modulated by TLR signaling.
The discrepancies between nascent and mature TNF
mRNA and secreted protein levels (Fig. 1C–E) suggested
that these mechanisms may substantially contribute to
TNF protein production.
To investigate the LPS-responsive half-life control of

TNF mRNA, wild-type BMDMs were stimulated with
TNF alone, which induces TNF mRNA synthesis to
detectable levels but not TNF mRNA stabilization, or
with TNF and LPS prior to treatment with actinomycin-
D, a drug that intercalates into DNA and arrests transcrip-
tion. Subsequent decay of TNF mRNA levels was tracked
by RT–PCR in 15-min increments to which exponential
decay curves were fitted to estimate mRNA half-lives.
Stimulation with TNF set a baseline of a constitutive TNF
mRNA half-life of ;10 min (Fig. 2A). When stimulated in
conjunction with LPS, the half-life of TNF mRNA in-
creased 3.5-fold to 35 min. Using trif�/� and myd88�/�

BMDMs, we determined whether this LPS-induced stabi-
lization of TNF mRNA was TRIF- or MyD88-dependent.
Our data showed no decrease in LPS-induced TNF mRNA
half-life in myd88�/� but a complete loss of LPS-induced
half-life stabilization in trif�/� BMDMs compared with

wild-type controls. To determine whether this TRIF-medi-
ated stabilization was p38-dependent, we used the p38
inhibitor SB203580. After actinomycin-D treatment, p38
inhibitor-treated TNF mRNA half-life was determined by
RT–PCR to be;13 min, near the baseline value with TNF
stimulation alone (Fig. 2B). We examined the activity of
the MAP kinases p38 and ERK by immunoblotting for
phospho-p38 and phospho-ERK following time courses of
LPS-stimulated wild-type, trif�/�, and myd88�/� BMDMs
(Fig. 2C). Our data revealed that trif�/� BMDMs show
decreased p38 activation from 30 to 75 min and decreased
ERK activation from 30 to 60 min. Indeed, theMAP kinase
target MK2 showed more severe deficiencies in phosphor-
ylation in trif�/� than myd88�/� BMDMs (Fig. 2C), and
this phosphorylationwas p38- and not ERK-dependent (Fig.
2D). Similarly, phosphorylation of TTP, which leads to its
inactivation and prevents TNF mRNA degradation, was
decreased in p38 but not ERK inhibitor-treated wild-type
BMDMs stimulated with LPS (Fig. 2D).
Therefore, our data support a model in which TRIF

mediates LPS-responsive TNF mRNA stabilization
through p38, allowing us to represent these mechanisms
in mathematical form within the TNF mRNA stabiliza-
tion module (Fig. 2E). This module uses the experimen-
tally determined nascent TNF RNA levels as inputs,
predicting mature TNF mRNA levels as the output.
The effect of TNF mRNA stabilization can be illustrated
by contrasting the output of total TNF mRNA simula-
tions without or with TRIF-mediated stabilization. Con-
sidering four potential half-life control mechanisms
provided independent evidence that the aforementioned
TRIF–p38 axis best recapitulates the experimental data
(Fig. 2F, with lowest RMSD). Thus, our model for the TNF
mRNA stabilization module quantitatively accounts for
LPS-responsive TNF mRNA stabilization via the TRIF
signaling axis.

Translational and protein processing control of TNF
expression is mediated by TRIF

While post-transcriptional control of TNF mRNA stabiliza-
tion by TRIF accounts for the discrepancy between nascent
TNF RNA and whole-cell TNF mRNA levels in trif�/�

BMDMs, these cells show a greater deficiency in secreted
TNF than is apparent at the level of mRNA abundance (Fig.
1C,D). In order to characterize the control of TNF trans-
lation, LPS-stimulated wild-type, trif�/�, and myd88�/�

BMDMs were pretreated with TACE inhibitor TAPI-1 to
block processing and secretion. Immunoblots revealed that
while wild-type cells produce significant amounts of pro-
TNF peaking at 60 min, trif�/� and myd88�/� have sub-
stantial defects in pro-TNF expression (Fig. 3A). In the case
of myd88�/�, the pro-TNF protein expression defect at 60
min correlates with a defect in transcriptional induction at
30 min (Fig. 1D). However, the defect in trif�/� BMDMs
suggests that TRIF regulates TNF translation.
Next, we sought to determine the role of MAP kinases in

TNF translational control by TRIF. Inhibitor studies in-
dicated a role for p38 and not ERK, as the ERK inhibitor
condition showed no decrease in pro-TNF expression (Fig.
3B). Given that eIF4E and TACE have been shown to be
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Figure 2. TRIF regulates TNF mRNA half-life
and translation and protein processing and se-
cretion. (A) TNF mRNA half-life measured by
RT-qPCR following actinomycin-D time course
in wild-type, trif�/�, or myd88�/� BMDMs
prestimulated for 30 min with 10 ng/mL TNF
alone (purple) or 10 ng/mL TNF and 10 ng/mL
LPS (blue) (wild-type, n = 5; trif�/�, n = 4;
myd88�/�, n = 3). (B) TNF mRNA half-life
measured as in A in wild-type BMDMs follow-
ing prestimulation with 10 ng/mL TNF alone
(purple); 10 ng/mL TNF and 10 ng/mL LPS
(blue); or 10 ng/mL TNF, 10 ng/mL LPS, and
10mM p38 inhibitor for 30 min (white) (TNF, n =

5; LPS, n = 5; p38, n = 1). (C) Immunoblots for
phospho-p38, phospho-ERK, phospho-MK2, and
actin of whole-cell extracts made from wild-
type, trif�/�, or myd88�/� BMDMs stimulated
with 10 ng/mL LPS. Blots shown are represen-
tative of four experiments. (Below) Quantifica-
tion of immunoblots normalized to wild-type
peak phosphorylation. Error bars indicate one
standard deviation; (*) P-value < 0.05; (**) P-

value < 0.02 for difference between wild-type
and trif�/� time points. (D) Immunoblots for
phospho-MK2, phospho-TTP, and actin of whole-
cell extracts made from wild-type BMDMs pre-
treated with DMSO, 10 mM p38 inhibitor, or
10 mM ERK inhibitor for 1 h followed by
stimulation with 10 ng/mL LPS. (E) Schematic
of regulatory module 2 that controls TNF
mRNA half-life via TRIF. (Input) Nascent
TNF mRNA experimental data; (output) ma-
ture TNF mRNA abundance. (F) Computa-
tional simulations of module 2 (solid lines)
for TNF mRNA production in the wild-type,
trif�/�, or myd88�/� genotype in response to
10 ng/mL LPS with either no stabilization
control (top left), stabilization by TRIF and
MyD88 (top right), stabilization by MyD88
alone (bottom left), or stabilization by TRIF
alone (bottom right). Data points indicate
experimental data for TNF mRNA in wild-
type, trif�/�, or myd88�/� BMDMs stimulated
with 10 ng/mL LPS as reported in Figure 1C.
The combined RMSD between model simula-
tions for each half-life control mechanism and
experimental data points shown are indicated.
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Figure 3. TRIF regulates TNF translation, protein processing, and secretion. (A) Immunoblot for pro-TNF and actin in wild-type, trif�/�,
and myd88�/� BMDMs stimulated with 10 ng/mL LPS. Data are representative of three experiments. (Right) Quantification of pro-TNF
bands normalized to peak wild-type protein levels. Error bars indicate one standard deviation; (*) P-value < 0.05; (**) P-value < 0.02 for
difference between wild-type and trif�/� time points. (B) Immunoblot for pro-TNF and actin of whole-cell extracts fromwild-type BMDMs
pretreated with DMSO, 10 mM p38 inhibitor, or 10 mM ERK inhibitor for 1 h followed by stimulation with 10 ng/mL LPS. The blot is
representative of two experiments. (C) Immunoblot for phospho-eIF4E, phospho-TACE, and actin of whole-cell extracts from wild-type,
trif�/�, and myd88�/� BMDMs stimulated with 10 ng/mL. Phospho-eIF4E, n = 2; p-TACE, n = 3. (Below) Quantification of p-eIF4E and
p-TACE immunoblot bands normalized to peak wild-type levels; (*) P-value < 0.05 for a difference between wild-type and trif�/� time
points. (D) Immunoblot for phospho-eIF4E, eIF4E, phospho-TACE, TACE, and actin of whole-cell extracts from wild-type BMDMs
pretreated with DMSO, 10 mM p38 inhibitor, or 10 mM ERK inhibitor for 1 h followed by stimulation with 10 ng/mL LPS. The blots are
representative of two experiments. (E) Schematic of regulatory module 3 describing the promotion of TNF translation and secretion by
TRIF. (Input) Experimental data for mature TNF mRNA; (output) secreted TNF. (F) Computational simulations (solid lines) of module
3 for pro-TNF expression without (left) and with (right) the promotion of TNF procession through TRIF-mediated translation regulation.
Data points indicate experimental data for pro-TNF expression in wild-type, trif�/�, ormyd88�/� BMDMs stimulated with 10 ng/mL LPS
as reported in A, respectively. RMSD between model simulations and experimental data points are indicated for each genotype.
(G) Computational simulations (solid lines) of module 3 for secreted TNF without (left) and with (right) the promotion of TNF secretion
through TRIF-mediated secretion regulation. Data points indicate experimental data for TNF secretion in wild-type, trif�/�, or myd88�/�

BMDMs stimulated with 10 ng/mL LPS as reported in Figure 1C, respectively.
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necessary for TNF translation (Andersson and Sundler
2006) and secretion (Black et al. 1997), respectively, we next
sought to characterize their activation by phosphorylation
(Wang et al. 1998; Fan and Derynck 1999; D�ıaz-Rodr�ıguez
et al. 2002; Topisirovic et al. 2004; Xu and Derynck 2010).
Immunoblots indicated a modest decrease in eIF4E phos-
phorylation at 30–45 min in myd88�/�, whereas trif�/�

showed a decrease at 60–75 min (Fig. 3C). Similarly,
immunoblots for TACE phosphorylation showed substan-
tial signal in wild-type and myd88�/� cells peaking at 75
min but reduced signal in trif�/� cells (Fig. 3C). To de-
termine whether TRIF-controlled phosphorylation of eIF4E
and TACE was mediated through p38 or ERK MAP kinase,
wild-type BMDMs were pretreated with p38 or ERK in-
hibitor for 1 h followed by stimulation with LPS (Fig. 3D).
This analysis suggested that p38 has an effect on eIF4E
phosphorylation but not eIF4E protein levels; in contrast,
both p38 and ERK have an effect on TACE phosphorylation,
but the ERK inhibitor condition resulted in more severe
inhibition. ATRIF–ERK–TACE axis for the control of TNF
secretion is further supported by the significant decrease in
ERK activity by p-ERK in trif�/� but not myd88�/� cells
(Fig. 2C).

These experimental results informed the construction of
a mathematical model for the TNF translation and secre-
tion control module. In this module, TRIF leads to the
activation of p38 and ERK pathways; p38 controls the
activity of eIF4E through phosphorylation,which promotes
TNF translation, whereas ERK and, to a lesser extent, p38
control the activity of TACE through phosphorylation,
which promotes the cleavage and secretion of TNF (Fig.
3E). Computational simulations confirmed that models
involving TRIF regulation of TNF capture the data better
(Fig. 3F,G).

A mathematical model of TLR-responsive TNF
production

To develop a predictive understanding of TLR-induced TNF
production, we connected models of the three previously
described regulatorymodules and linked themwith amodel
that accounts for TLR-induced NFkB activation viaMyD88
and TRIF signaling activities (Fig. 4A; Z Cheng, B Taylor,
D Rios, and A Hoffmann, in prep.). Computational simu-
lations of LPS-induced TNF production recapitulates the
experimental data in wild-type cells at the level of nascent

Figure 4. A multimodular model of the TNF production network accounts for experimental data for some TLR agonists but not
others. (A) Schematic of the computational model combining models of the regulatory modules for TLR activation of adaptors TRIF and
MyD88 converging on IKK, activation of NFkB by IKK, and the three modules for TNF production. (B) Model simulations and
experimental data for nascent mRNA, mature mRNA, pro-TNF, and secreted TNF protein in wild-type cells in response to 10 ng/mL
LPS; solid lines indicate values of model simulations, and points represent experimental data represented in previous figures. (C) Model
simulations and experimental data for mature TNF mRNA and secreted TNF for wild-type cells in response to 500 nM CpG and 50
mg/mL PolyI:C. (D) Model simulations and experimental data for same molecular species for trif�/� and myd88�/� cells in response to
10 ng/mL LPS. For experimental data points, n = 3. Error bars are one standard deviation from the mean. RMSDs are indicated for
each panel in B–D.
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RNA, mRNA, pro-TNF production, and TNF secretion (Fig.
4B). Expanding the computational simulations to other TLR
ligands, we used the model to predict the TNF production
dynamics of two other TLR agonists: PolyI:C (TLR3) and
CpGDNA (TLR9/MyD88 agonist). Here, themodelwas able
to successfully predict PolyI:C-induced TNF production at
the level of mRNA and protein secretion with small RMSDs
of 0.08 and 0.07, respectively (Fig. 4C). However, it failed to
recapitulate CpG-induced dynamics of TNF mRNA pro-
duction or protein secretion (RMSDs of 0.63 for mRNA and
0.30 for secretion due to discrepancies at late time points). A
key difference between these TLRs is their use of signaling
adaptors; whereas TLR3 uses TRIF, TLR9 uses MyD88. We
askedwhether the failure of themodelwas due to differential
adaptor use by using trif�/� and myd88�/� BMDMs in LPS
stimulations. These conditions confirmed that while the
model is able to capture TRIF dynamics (in myd88�/�), it is
not able to accurately captureMyD88 dynamics (in trif�/�),
particularly at the level of nascent andmature mRNA ex-
pression (Fig. 4D). Given previous reports of TNF’s po-
tential to signal in an autocrine manner, we posited that
perhaps autocrine TNF augments the cellular response to
MyD88-dependent stimuli such as CpG.

TNF’s autocrine function is stimulus-specific,
augmenting NFkB activation in response to CpG

To examine TNF’s potential as an autocrine regulator to
enhance NFkB activation, we linked the model of TLR-
responsive TNF production with a model of TNFR-medi-

atedNFkB activation (Fig. 5A;Werner et al. 2008).We then
simulated the model for LPS, CpG, and PolyI:C stimula-
tion conditions to determine whether autocrine feedback
in the model would allow for a better recapitulation of
experimental data. Interestingly, we found that autocrine
TNF signaling had little effect on levels of the LPS and
PolyI:C conditions but dramatically improved the ability
of the model to predict CpG-induced TNF mRNA pro-
duction and protein secretion (Fig. 5B). To determine
whether this prolonging of CpG-induced dynamics was
due to augmented NFkB activity induced by autocrine
TNF, we simulated NFkB activation with and without
TNF autocrine signaling by allowing for or blocking TNFR
generation in the model. In this scenario, the model
predicted that while LPS-induced NFkB would not be
affected by the loss of autocrine TNF signaling, CpG-
induced NFkB activation depends on autocrine TNF,
particularly at late time points (Fig. 5C). To test this
prediction experimentally, NFkB activity was measured
in the absence of TNF autocrine signaling using tnf�/�

BMDMs stimulated with either LPS or CpG. EMSAs for
NFkB activation revealed no reduction in tnf�/� BMDMs
in NFkB activation in response to LPS but did show
substantially reduced NFkB activation in response to
CpG during the 4- to 8-h time points (Fig. 5D). We found
that this trend was observed in both high- and low-density
conditions (although the variability of individual experi-
ments may require more than three replicates to determine
statistical significance) (Supplemental Fig. 2). Interestingly,

Figure 5. TLR-responsive TNF production functions in an autocrine manner in response to some TLR agonists but not others. (A)
Schematic of the expanded multimodular computational model, incorporating the TNFR-to-NFkB signaling module. (B) Model
simulations and experimental data for mature TNF mRNA and secreted TNF protein in wild-type cells stimulated with 10 ng/mL LPS,
500 nM CpG, or 50 mg/mL PolyI:C; solid lines indicate values of model simulations, and points represent experimental data presented
in previous figures. RMSDs are shown for each panel. (C) Model simulations for NFkB activity in wild-type or tnf�/� stimulated by 10
ng/mL LPS or 100 nM CpG. Solid lines indicate wild-type simulation, and dashed lines indicate tnf�/�. (D) Experimental validation of
model simulations in C. Activation of NFkB measured by EMSA in wild-type and tnf�/� BMDMs stimulated with 10 ng/mL LPS or 100
nM CpG. Graphs are quantification of experimental data normalized to peak wild-type NFkB activation (n = 4). The gel image is
representative of four experiments. (**) P-value < 0.02 for a difference between wild-type and tnf�/� time points.
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TNFR1 deficiency generally resulted in a partial defect
(compared with TNF deficiency) (Supplemental Fig. 2,
orange bars), consistent with a role of membrane-bound
TNF (which is recognized by TNFR2) in autocrine signaling
(Rodr�ıguez et al. 2011). In sum, these experimental results
confirm the model’s prediction that TNF’s autocrine func-
tions are stimulus-specific such that cellular responses to
CpG are more dependent on TNF autocrine feedback than
cellular responses to LPS.
We examined to what degree this conclusion was de-

pendent on the specific parameter values that we obtained
by training our models to BMDM experimental data. We
considered six key parameters that might be cell type-
specific, such as those controlling TLR or TNFR abun-
dance, the strength of TNF mRNA synthesis, half-life
control, translation, or secretion. While 10-fold changes
of these parameters led to changes in NFkB activation
dynamics, we found that CpG-induced NFkB activation
was consistently more dependent on TNF feedback than
LPS responses (Supplemental Fig. 3).

TLR-specific autocrine and paracrine functions of TNF

To determine TNF’s autocrine role in augmenting NFkB’s
gene expression response in macrophages, we performed
transcriptomic analysis using wild-type and tnf�/�

BMDMs stimulated with CpG. From the RNA sequencing
(RNA-seq) data, we selected 267 genes that were sub-
stantially up-regulated by CpG stimulation (Fig. 6A).
K-means clustering identified groups of genes that showed
either a strong early peak induction (cluster E), a peak at
8 h but persistent induction (cluster B and F), a peak at 8 h
followed by a decrease by 24 h (clusters A and D), or a slow
induction resulting in a peak at 24 h of stimulation (cluster
C). Of these clusters, A and B contained many genes that
were found to be significantly decreased in the tnf�/�

condition. Interestingly, the gene ontology process term
‘‘response to cytokine’’ was top-ranked in clusters A/B, but
‘‘defense response’’ was top-ranked in clusters C/D/E/F
(data not shown). ‘‘Immune response’’ was ranked third in
both groups. We examined a few genes specifically whose
expression was partially dependent on TNF (Fig. 6B). These
included genes involved in bacterial recognition and killing
(Clec4e, Ascl1, and Gbp6), inflammasome activation (nod2,
Mefv, and Ifi205), macrophage resolution (Tmem178, Fzd1,
andHp),NFkB attenuation (Nfkbie,Mlt1, andTnfaip3), and
adaptive immune control (tnfsf15, Fam26f, and Slamf8).
Although macrophages responding to LPS secrete sub-

stantial amounts of TNF, we found no evidence that TNF
functions in an autocrine manner to augment NFkB activa-
tion. Tissue-resident macrophages exist in an environment
inwhich they secret cytokines and signal to other cell types
in the tissue, such as fibroblasts. To investigate the possi-
bility that LPS-produced TNF may function in a paracrine
manner, we cocultured BMDMs with myd88�/�trif�/�

fibroblasts that are unable to respond to TLR agonists such
as LPS or CpG but may respond to TNF. Indeed, our
studies show that NFkB activation (scored by RelA
nuclear translocation) in fibroblasts was dependent on
the presence of cocultured BMDMs (marked by the dye

CellTracker Red CPTMX) (Fig. 6C). When tnfr1 �/�

BMDMs were cocultured at a ratio of 2.5% and stimu-
lated with LPS, we found that more than half of the
fibroblasts activated NFkB in response to the TNF signal
(Fig. 6D). However, in the CpG-stimulated condition,
a smaller percentage of fibroblasts showed NFkB activa-
tion, corresponding to lower ELISA measurements (Fig.
5B). Furthermore, we found that fibroblast activation was
dependent on both BMDM ratio and fibroblast seeding
densities, but the trend of higher activation in the LPS
stimulation condition was consistent (Supplemental Fig.
4). To demonstrate that the fibroblast activation was due
to TNF produced by the BMDMs, we cocultured either
wild-type or tnf �/� BMDMs with fibroblasts and found
that neither LPS nor CpG stimulation resulted in fibro-
blast NFkB activation when tnf �/� BMDMs were used
(Fig. 6E). These results indicate that substantial TNF
production elicited by LPS-stimulated macrophages has
primarily paracrine functions during the inflammatory/
immune response, whereas the smaller amount of CpG-
induced TNF also functions in an autocrine manner to
enhance the macrophage activation of NFkB.

Discussion

Macrophages play an early, key role in the innate im-
mune response to a variety of pathogens through the
activation of TLRs. In this study, we investigated the
mechanisms of production of one potent cytokine secreted
by macrophages—TNF—and the autocrine and paracrine
roles that it plays during the immune response. Based on
previous qualitative studies of TNF mRNA induction and
mRNA stabilization, translation, and secretion, we here
quantitatively characterized to what degree TRIF and
MyD88 control the associated regulatory modules in order
to develop a systems model that accounts for the contribu-
tions of each module and signaling pathway to TNF
production in response to TLR agonists. The resulting
mathematical model led to the computational prediction—
validated experimentally—that TNF functions are autocrine
or paracrine, depending on the specific TLR agonist. Indeed,
whereas CpG-induced autocrine TNF signaling led to sus-
tained NFkB activity and enhanced expression of inflamma-
tory genes (Fig. 5), LPS-induced TNF functions in a potent
paracrine manner (Fig. 6).
While there have been many reports concerning the

mechanisms by which TNF production is modulated in
response to TLR agonists, the cell systems used were
diverse; as a result, it was unclear whether these mecha-
nisms are cell- or context-dependent. Using a consistent
cell system, we demonstrate that in primary, naı̈ve mac-
rophages, MyD88 is primarily responsible for early tran-
scriptional induction of TNF mRNA (Fig. 1E), while the
TRIF pathway is essential for the activation of post-
transcriptional mechanisms that promote mRNA half-life
stabilization (Fig. 2) as well as pro-TNF translation and
processing and TNF secretion (Fig. 3). Stabilization of TNF
mRNA is controlled through a TRIF–p38–MK2 axis that
down-regulates mRNA degradation mechanisms via, for
example, TTP. Translation of TNF mRNA to pro-TNF is
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controlled by the ERK and p38 via eIF4E, and TNF
secretion is regulated through protein processing via the
enzyme TACE. These three TRIF-controlled post-tran-
scriptional mechanisms are essential for full TNF pro-
duction and secretion. However, they also affect the

timing, as post-transcriptional mechanisms provide for
faster responses than those involving de novo synthesis
of mRNA. Indeed, ELISAs detect substantial amounts of
TNF in response to LPS at 1 h, whereas, in response to
CpG, equivalent amounts are detected at 2 h (Fig. 5B).

Figure 6. TNF’s paracrine- and autocrine-specific functions are TLR-specific. (A) Transcriptomic analysis of wild-type and tnf�/�

BMDMs responding to 100 nM CpG. K-means clustering of 267 gene expression profiles. (Right) Cluster median reveals TNF
dependency of clusters A and B. (B) Select genes whose expression is TNF-dependent in response to CpG, grouped by their known roles
in inflammation and macrophage function. (C) Immunofluorescence images of coculture of tnfr1�/� BMDMs with trif�/�myd88�/�

3T3s. The top row shows p65 staining of trif�/�myd88�/� 3T3s stimulated with 1 mM CpG for 75 min. The second row shows p65
staining of coculture of tnfr�/� BMDMs with trif�/�myd88�/� 3T3s stimulated with 1 mM CpG for 75 min. The third row shows p65
staining of trif�/�myd88�/� 3T3s stimulated with 1 mg/mL LPS for 75 min. The fourth row shows p65 staining of coculture of tnfr�/�

BMDMs with trif�/�myd88�/� 3T3s stimulated with 1 mg/mL LPS for 75. Images are representative of three separate experiments. (D)
Bar graphs showing the average percentage of 3T3 cells with nuclear p65 in conditions described in C. Three-hundred to 500 cells were
counted over three experiments. Error bars indicate standard error of the mean. (**) P-value = 0.02. (E) Bar graphs of the percentage of
trif�/�myd88�/� 3T3 cells with nuclear p65 when cocultured with wild-type or tnf�/� BMDMs and stimulated as indicated. More than
1000 cells were counted over three experiments.
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The kinetics of TLR-induced NFkB activation and TNF
production are also essential to understanding the TLR-
specific autocrine and paracrine functions of TNF. Whereas
MyD88-mediated NFkB activation occurs early with a peak
(15–45 min), TRIF-mediated NFkB activation occurs later
and is sustained for considerably longer (45 min to 4 h).
Thus, in the case of LPS, rapid production of TNF interfaces
with sustained NFkB activity, thus diminishing any poten-
tial autocrine enhancement of NFkB. However, in the case
of CpG, a delayed production of TNF interfaces with
a transient NFkB activity profile triggered by the MyD88
pathway, thus allowing for a potent autocrine signaling
effect. In reference to NFkB signaling, CpG-induced auto-
crine TNF serves a role analogous to the TRIF signaling axis
following LPS exposure: to augment and prolong NFkB
activity. Thus, both TLR agonists may not differ substan-
tially in the degree to which they activate NFkB (although
by different means) but differ primarily in whether the
TRIF-specific IRF3-induced network is activated.
We might then ask why prolonged NFkB activation has

evolved to be dependent on secreted cytokine in response
to some TLR agonists but is hardwired in response to
others. Autocrine TNF signalingwas proposed in the study
of intracellular bacteria infections (Kindler et al. 1989),
which are sensed by TLRs located in cellular compart-
ments, such as the endosomal TLR9. Indeed, mice with
a bioactive transmembrane-bound TNF, which is not
secreted and cannot function in a paracrinemanner, are still
able to survive physiological doses of Listeria monocyto-
genes (Alexopoulou et al. 2006) but not all intracellular
bacteria (McIlwain et al. 2012). We may hypothesize that
prolonging NFkB activation, which counteracts pro-
grammed cell death, only makes physiological sense if
cells infected with intracellular bacteria remain healthy
enough to have a fighting chance to suppress the infection
and thus healthy enough to produce and secrete TNF.
Cells that can no longer muster these regulatory mech-
anisms will not be able to produce TNF and thus may not
extend NFkB activity and consequential survival signals,
therefore allowing for the possibility of stemming the
infection via programmed cell death. Although specula-
tive, this hypothesis of regulatory ‘‘design principles’’ is
based on the network dynamics of TNF production and
signaling that were revealed by the present systems-level
analysis.
A goal of the systems biology approach is to develop

quantitatively predictive models of regulatory networks.
However, the vast and interconnected nature of im-
mune signaling networks presents a challenge to devel-
oping mechanistic models. Here we used the strategy of
‘‘modular’’ biology (Hartwell et al. 1999; Kitano 2002;
Mallavarapu et al. 2009) by focusing our experimental
tools on separable regulatory modules and parameteriz-
ing corresponding mechanistic yet simple coarse-grained
ordinary differential equation (ODE)-based models. By
linking these models and then connecting them to pre-
viously established models of TLR and TNFR signaling,
we developed a TNF signaling network model that
represents a research tool for studies of not only the
dynamics and underlying mechanisms of TNF produc-

tion but also the signaling functions of TNF. We focused
on specific predictions and insights regarding autocrine
and paracrine roles of this cytokine, but numerous other
questions may be addressed, such as dose responses,
duration, or inflammatory spread within a tissue. The
model formulation may be further fine-grained to repre-
sent additional mechanistic details, altered to study the
role of biological extrinsic or intrinsic noise, or embedded
within an agent-based formulation to study cell-to-cell
variability and the role of paracrine TNF in tissue
behavior. As such, models of increasing scope may bring
the wealth of mechanistic knowledge of inflammatory
networks to benefit therapeutic development and clinical
decision-making.

Materials and methods

Animals, cell culture, and reagents

Wild-type and gene-deficient C57BL/6 mice were housed at
University of California at San Diego in accordance with
protocols authorized by the Institutional Animal Care and
Use Committee. BMDMs were made through the isolation of
6 3 106 BM cells from mouse femurs. FLDMs were isolated
from the FLs of embryonic day 13 (E13)–E14 embryos. BM and
FL cells were cultured in suspension in L929-conditioned
DMEM on 15-cm suspension plates for 7 d and were replated
for experiment on day 8 at a density of 7.1 3 10�2 cells per
square centimeter. We used recombinant mouse TNFa (Roche),
LPS (Sigma, B5:055), CpG DNA (InvivoGen, ODN 1668), and
PolyI:C (InvivoGen). Drugs used were actinomycin-D (Sigma),
p38 inhibitor SB 203580 (Tocris), and ERK1/2 inhibitor
FR180204 (Sigma). Antibodies against RelA/p65 (sc-372), eIF4E
(sc-9976), TACE (sc-6416), and actin (sc-1615) were from Santa
Cruz Biotechnology. Antibodies against p-p38 Thr180/Tyr182
(#4511), p-ERK1/2 Thr202/Tyr204 (#4370), p-MK2 Thr222
(#3316), p-eIF4E Ser209 (#9741), and TNF (#3042) were from
Cell Signaling. Antibodies against p-TACE Thr735 were from
Abcam (Ab60996) and Assay Biotech (A0763). Goat anti-rabbit
Alexa Fluor 488 antibody was from Life Technologies. Antibody
against p-TTP Ser178 was a gift from Dr. Paul Anderson at
Brigham and Women’s Hospital.

Tnfr1�/� and tnf�/� BMDMs were stained with CellTracker
Red (Invitrogen), mixed withmouse trif�/� myd88�/� 3T3 cells at
a 2.5:97.5 ratio, and plated onto glass coverslips (Fisher), or mouse
trif�/� myd88�/� cells alone (control) were stained and fixed in
4% PFA (EM Sciences) for 15 min. Slides were blocked with
blocking buffer (5%normal goat serum, 0.2%Triton-X100 in PBS)
and stained with rabbit sc-372 relA/p65 primary antibody (Santa
Cruz Biotechnology) in blocking buffer at a 1:200 dilution over-
night at 4°C. Secondary antibody goat anti-rabbit Alexa Fluor 488
(Invitrogen) was incubated at 1:1000 for 1 h at room temperature.
Nuclei were counterstained with Hoechst, and images were
acquired on an Axio Observer Z1 inverted microscope (Carl Zeiss
Microscopy) with a 203, 0.8 NA air immersion objective to a
Coolsnap HQ2 CCD camera (Photometrics) using ZEN imaging
software (Carl Zeiss Microscopy). Cell nuclei were counted and
scored for nuclear translocation of p65.

RNA analysis

Mature mRNA extracts were prepared using the QIAshredder kit
and purified using the RNEasy kit according to themanufacturer’s
instructions (Qiagen). Nascent mRNA extracts were prepared
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from chromatin-associated RNA using TRIzol according to the
manufacturer’s instructions (Life Technologies) and purified using
the RNEasy kit (Qiagen). Nuclei were purified from BMDMs by
lysis of cytoplasmic membrane with lysis buffer (10 mM Tris at
pH 7.5, 150 mM NaCl, 0.5 mM EDTA at pH 8.0, 0.15% NP-40,
1 mMDTT, 1 mMPMSF, 10 mg/mL aprotinin, 5 mg/mL leupeptin,
1 mM pepstatin) followed by nuclei pellet isolation by centrifu-
gation in 0.9 M sucrose in lysis buffer. Nuclei pellets were
resuspended in glycerol buffer (20 mM Tris at pH 7.9, 75 mM
NaCl, 50% glycerol, 0.5 mM EDTA, 1 mMDTT, 1 mM PMSF, 10
mg/mL aprotinin, 5 mg/mL leupeptin, 1 mM pepstatin) and lysed
with nuclei lysis buffer (10 mM HEPES at pH 7.6, 75 mMMgCl2,
0.3mMNaCl, 1mMurea, 0.2mMEDTA, 1%NP-40, 1mMDTT,
1 mM PMSF, 10 mg/mL aprotinin, 5 mg/mL leupeptin, 1 mM
pepstatin). Chromatin was isolated following centrifugation.
cDNA libraries were created from RNA using iScript cDNA
synthesis kit according to the manufacturer’s instructions (Bio-
Rad). RT–PCR was performed on a Bio-Rad CFX384 real-time
detection system in triplicates for each sample using the
following primers: TNF: 59-CACCACGCTCTTCTGTCTAC-
39 forward and 59-AGAAGATGATCTGAGTGTGAGG-39 re-
verse, and GAPDH: 59-AACTTTGGCATTGTGGAAGG-39
forward and 59-GGATGCAGGGATGATGTTCT-39 reverse.
The intron–exon junction-spanning primers used for nascent
analysis were ntTNF: 59-CCCAGACCCTCACACTCAGTA-
39 forward and 59-AACTGCCCTTCCTCCATCTT-39 reverse,
and ntActin: 59-CTGTATTCCCCTCCATCGTG-39 forward
and 59-GCTTGCCACTCCCAAAGTAA-39 reverse. Data were
analyzed using the Bio-Rad CFX manager software version 1.6.

Transcriptome analysis

Total RNAwas isolated from CpG-stimulated (100 nM) wild-type
and tnf �/� BMDMs using the QIAshredder kit and purified using
the RNEasy kit according to the manufacturer’s instructions
(Qiagen). cDNA libraries were prepared for RNA-seq using the
TruSeq Stranded mRNA HT kit according to the manufacturer’s
instructions (Illumina, reference no. 15032623). Quantitation was
performed using the Roche LightCycler 480. Sequencing was
performed on Illumina’s HiSeq 2000 according to the manufac-
turer’s recommendations and prepared for RNA sequencing
analysis by the Broad Stem Cell Research Center High-Through-
put Sequencing Core at the University of California at Los
Angeles. Reads were aligned to the ENSEMBL NCBI m37 mouse
genome build, release 66 (Flicek et al. 2012), with the STARRNA-
seq aligner (Dobin et al. 2013). HTSeq count from the HTSeq
Python package (Anders et al. 2014) was used to determine raw
gene read counts. The total number of reads mapping to features
in each samplewas used to normalize to counts per million (cpm).
Genes not induced or with <10 cpm in all low-dose wild-type
conditions were removed from consideration. After a 25 cpm
pseudocount was added to all data, the log2 fold change was
calculated relative to the wild-type 0-h time point. For K-means
clustering, the time-point data of each gene were divided by its
maximum expression level.

Protein analysis

Nuclear extracts were prepared using high-salt HEPES extraction
buffer. Whole-cell extracts were prepared using RIPA buffer.
EMSA and immunoblotting were done as previously described
(Hoffmann et al. 2002;Werner et al. 2005; Kearns et al. 2006). EMSA
bands were quantified using the GE Life Sciences ImageQuant
software. Immunoblot bands were quantified using the Bio-Rad
ImageLab 4.01 software.

Mathematical modeling

Simple ODEs were written for each step in the production of TNF
(nascent gene transcription, mRNA half-life stabilization, and
translation/secretion) based on the modules identified through
experimental approaches. Experimentally derived values of inputs
and outputs for each mathematical model were used in parame-
terization. For TRIF-mediated TNF, mRNA half-life begins at 10
min, linearly increases upon stimulation to 35 min following 30
min of stimulation, and then decreases linearly to 10 min of half-
life after 1 h of stimulation. The three TNF productionmodelswere
then connected, where the output of onemodel serves as the input
for the subsequent model. The fitness of eachmathematical model
to match experimental data was determined and scored by RMSD,
which was calculated after normalizing the experimental data and
simulation to their own maximum value. This TNF production
model was then connected with a model for TLR-induced IKK
activation (Z Cheng, B Taylor, D Rios, and A Hoffmann, in prep.)
and IKK-induced NFkB activation (Hoffmann et al. 2002; Werner
et al. 2005) to produce amodel for TLR-induced TNF production in
the context of NFkB signaling. Iterative simulation and experimen-
tation led to the inclusion of the TNFR model (Werner et al. 2008)
to allow for autocrine TNF signaling. Matlab version R2013a (The
MathWorks, Inc.) was used to numerically solve ODEs with the
subroutine ode15s. Matlab model codes are available on request.
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